Lithium metal has long been considered one of the most promising anode materials for advanced lithium batteries (for example, Li-S and Li-O 2 ), which could offer significantly improved energy density compared to state-ofthe-art lithium ion batteries. Despite decades of intense research efforts, its commercialization remains limited by poor cyclability and safety concerns of lithium metal anodes. One root cause is the parasitic reaction between metallic lithium and the organic liquid electrolyte, resulting in continuous formation of an unstable solid electrolyte interphase, which consumes both active lithium and electrolyte. Until now, it has been challenging to completely shut down the parasitic reaction. We find that a thin-layer coating applied through atomic layer deposition on a hollow carbon host guides lithium deposition inside the hollow carbon sphere and simultaneously prevents electrolyte infiltration by sealing pinholes on the shell of the hollow carbon sphere. By encapsulating lithium inside the stable host, parasitic reactions are prevented, resulting in impressive cycling behavior. We report more than 500 cycles at a high coulombic efficiency of 99% in an ether-based electrolyte at a cycling rate of 0.5 mA/cm 2 and a cycling capacity of 1 mAh/cm 2 , which is among the most stable Li anodes reported so far.
INTRODUCTION
Recent developments in consumer electronics, electric vehicles, and grid-scale energy storage necessitate energy storage with high energy/ power densities. Among candidate technologies, Li-S and Li-O 2 batteries have attracted particular attention due to their high theoretical energy densities (1) (2) (3) (4) . With the highest specific capacity of 3860 mAh/g and the lowest electrochemical potential among anode materials, lithium metal is considered the most promising anode for both Li-S and Li-O 2 (5, 6) . However, despite decades of intense research and development efforts, the commercialization of lithium metal batteries remains hindered by poor long-term stability and concerns over their safety.
The key challenges facing lithium metal anodes are (i) high chemical reactivity of lithium with the liquid electrolyte and (ii) infinite relative volume change during lithium plating/stripping (6) . With the most negative electrochemical potential, lithium metal is able to reduce common organic electrolytes upon contact, leading to the formation of a solid electrolyte interphase (SEI) at the electrode/ electrolyte interface (7, 8) . In addition, the extreme volume change during lithium plating/stripping fractures this, typically mechanically fragile SEI, resulting in the exposure of highly reactive fresh lithium to the electrolyte to form new SEI. The continuous fracture and formation of the SEI during battery cycling lead to the consumption of active lithium and electrolyte, resulting in capacity fade and impedance rise (5, 6) . This motivates the design of threedimensional (3D) lithium hosts with stable interfaces to (i) guide lithium plating/stripping, (ii) form a stable SEI, and (iii) prevent lithium from reacting with the electrolyte, all of which are essential to the development of lithium metal-based batteries with high coulombic efficiency and long cycle life.
Of the various approaches to maximizing lithium metal anode performance, design of lithium hosts to accommodate the large volume change of lithium during cycling along with development of stable interfaces to minimize parasitic reactions are the most promising. The majority of lithium hosts reported so far can be divided into two main categories. The first type of lithium host is prepared by a thermal overlithiation reaction with lithiophilic substrates (9) (10) (11) . By adjusting the lithium affinity of the high-surface area substrates, molten lithium can infiltrate lithiophilic substrates. While they have been shown to suppress lithium dendrite formation in the bulk, especially under high current densities, lithium infiltration pathways on the surface remain exposed, which leaves the lithium inside the host vulnerable to electrolyte reactions. A second type of lithium hosts consists of hollow electrodes that can accommodate electrochemically plated lithium (12, 13) . However, the preparation of hollow hosts via template-assisted methods requires subsequent removal of templates, which inevitably leaves micropores on the shell (14, 15) . Therefore, it is essential to prepare a stable interface on the surface of lithium hosts to completely seal pathways for the electrolyte to react with lithium. Toward this goal, many types of artificial interfaces have been studied, including oxides (16) (17) (18) , fluorides (19, 20) , phosphates (21, 22) , 2D materials (23, 24) , and ceramic solid electrolytes (25) . Among them, atomic layer deposition (ALD) has recently emerged as a particularly promising tool because it enables pinhole-free coatings on high-aspect ratio lithium battery electrodes (16, 17, 26, 27) .
Here, we designed and developed a novel 3D electrode using ALD-coated hollow carbon spheres (HCS). The microporous carbon shell acts as a mechanically sturdy frame to confine electrochemical lithium plating. Compared to our previous study (12) , a new advancement of the thin ALD coating seals the micropores of HCS to keep the electrolyte from contacting lithium and deactivates defective HCS surfaces (Fig. 1) . Through this design, the liquid electrolyte only contacts the outer surface of ALD Al 2 O 3 /HCS and cannot penetrate the hollow sphere. Therefore, SEI forms only on the outside of the ALD-coated HCS upon cycling. During lithium deposition, lithium ions penetrate the outer Al 2 O 3 /C shell and are plated inside the hollow sphere. An impressive cycling behavior with more than 500 cycles at a high coulombic efficiency of 99% was achieved in the ether-based electrolyte, which is superior to most previous work under similar testing conditions.
RESULTS

Synthesis and characterizations of ALD Al 2 O 3 /HCS
As a proof of concept of our sealed host, we use HCS as our lithium host due to its high electrical conductivity, excellent chemical stability in the electrolyte, low cost, and scalable synthesis ( Fig. 2A) . Briefly, HCS was prepared via a hard-template method. The SiO 2 nanoparticle templates with an average diameter of 645 nm were prepared using the Stöber method ( Fig. 2B ; see also Materials and Methods for more details of synthesis procedures). The carbon shell was prepared by first coating the SiO 2 templates with resorcinolformaldehyde (RF) resin and subsequently calcining in an Ar environment at 800°C. The SiO 2 template was then etched in HF aqueous solution, leaving only the carbon shell. The carbon shell prepared by this method is nanoporous (28) (29) (30) , as a result of the vapor by-product generated in the calcination process. Despite the continuous surface implied by electron micrographs (Fig. 2, C and E), the carbon shell has sub-2 nm pores (29) , which allow HF to enter the HCS and etch the SiO 2 template [see also scanning electron microscopy (SEM) images after different etching times in the Supplementary Materials]. These nanopores serve as a doubleedged sword; on one hand, they allow the SiO 2 templates to be removed; on the other hand, they also allow penetration of the organic electrolyte during battery operation, which reacts with lithium to reduce the battery cycling performance. These nanopores are intrinsic to almost all template-assisted hollow nanostructures as they are the mechanism by which the template is removed (14, 15) . For use as a host for lithium metal, these pinholes must be sealed to prevent parasitic side reactions. Of various candidate methods, ALD is advantageous due to its excellent coverage and fine control over the film thickness. Because of the slow diffusion of precursor gases through the HCS nanopores, deposition can be regulated primarily outside of the HCS by controlling the precursor residence time inside the deposition chamber during each cycle (31, 32) . Both Al 2 O 3 and AlF 3 (see Materials and Methods) have been investigated as coating layers on HCS and exhibited core-shell structures confirmed by scanning transmission electron microscopy (STEM)-energy-dispersive x-ray (EDX) (Fig. 2E and the Supplementary Materials). This demonstrates the ability and versatility of ALD to coat various materials to serve as lithium hosts for battery applications.
Suppression of electrolyte penetration and regulation of lithium plating
The HF etching experiment (see the Supplementary Materials) suggests that liquids can slowly infiltrate the pores of HCS. To further validate and visualize electrolyte infiltration, we performed SEM/ FIB (focused ion beam) characterization of HCS electrodes and ALD AL 2 O 3 /HCS electrodes dried in different solutions. Two types of solutions were selected: (i) the battery electrolyte ethylene carbonate (EC)/diethyl carbonate (DEC) with 1 M LiPF 6 and (ii) saturated NaCl/H 2 O. The EC/DEC electrolyte mimics real battery testing conditions to determine whether the liquid electrolyte can infiltrate HCS pores, while the saturated NaCl/H 2 O solution is used as an indicator of liquid penetration due to its high salt concentration (relative to 1 M LiPF 6 in EC/DEC) that will precipitate as the solvent evaporates. Bare HCS electrodes and ALD AL 2 O 3 /HCS electrodes were immersed in either battery electrolyte or saturated NaCl/H 2 O solution overnight. Electrodes were then taken out of the solution and gently wiped to remove excess solution on the surface and then dried inside a glove box (electrodes with battery electrolyte) or ambient environment (electrodes with saturated NaCl/ H 2 O). Both battery electrolyte and saturated NaCl/H 2 O solution entered the HCS cavity and left salt precipitations when dried (Fig. 3 , B and C). In contrast, no salt precipitate was identified within ALD Al 2 O 3 /HCS cavities for electrodes soaked in both battery electrolyte and NaCl/H 2 O solution. This confirms the feasibility of ALD coatings as a sealant for nanoporous carbon. Lithium ion conductivity, electrical conductivity, and mechanical strain are important factors that need to be considered when building a 3D host for lithium metal anodes. In the case of ALDcoated HCS electrodes, electrical conductivity mismatch is one driving force for lithium to nucleate on the inner surface of HCS rather than on the outer Al 2 O 3 surface (16, 17) . Further, considering mechanical stress, it would be energetically more favorable for lithium to nucleate inside the HCS cavity, which is free of mechanical stress, than to break the Al 2 O 3 /C interface (33) . In addition, the lithium ion diffusion coefficient is higher in carbon than in ALD coating layers, which minimizes possible lithium ion accumulation and lithium plating at the Al 2 O 3 /C interface. Previous in situ SEM characterizations have shown that lithium ions prefer to diffuse past a LiPON/C interface and plate as lithium metal on a carbon surface free of mechanical stress (33) . To directly visualize the lithium plating morphology, we performed both cross-sectional and planar SEM. The cross-sectional SEM images were obtained using FIB cutting after initial lithium plating, which confirmed that the lithium was able to enter the ALD Al 2 O 3 /HCS cavity and form lithium nuclei (Fig. 3, L and M) . For comparison, lithium nucleates both outside and inside the bare HCS due to electrolyte penetration of the hollow cavity (Fig. 3,  I and J). Large-area cross-sectional SEM characterization was also provided (see the Supplementary Materials), and no obvious lithium overplating has been observed outside ALD Al 2 O 3 -coated HCS at different depths of the electrode. The exposed surface of a Cu current collector at the bottom of the electrode has also been covered by Al 2 O 3 (see the Supplementary Materials). Because of the strong adhesion between Cu and Al 2 O 3 , no lithium plating took place on an Al 2 O 3 -covered Cu current collector (see the Supplementary Materials). In addition to the cross-sectional SEM, top-view SEM images were acquired for the ALD Al 2 O 3 / HCS electrode after different amounts of lithium plating. No lithium plating outside ALD Al 2 O 3 /HCS can be observed in the topview SEM images, so long as the cell is limited to its theoretical capacity for the hollow sphere to hold (see the Supplementary Materials).
Electrochemical performance in carbonate-based electrolyte and discussion of battery failure mechanism To evaluate the effectiveness of ALD coating, we paired Cu, HCS, and ALD Al 2 O 3 /HCS working electrodes with lithium foil counter electrodes for cycling tests. As one of the most successful electrolytes in commercial lithium ion batteries, the carbonate-based electrolyte was selected as the platform for this study. We performed cycling tests in a limited amount (30 l) of the EC/DEC electrolyte with 1 M LiPF 6 , 1% vinylene carbonate (VC), and 10% fluoroethylene carbonate (FEC) (see Materials and Methods). During each cycle, lithium with a total capacity of 1 mAh/cm 2 was electrochemically plated on the working electrodes with a current density of 2 mA/cm 2 . The HCS electrodes were then cycled to a cutoff potential of 1.0 V versus Li + /Li at the same rate of 2 mA/cm 2 to strip the electrochemically deposited lithium. The coulombic efficiency was defined as the Li stripping capacity divided by the Li plating capacity for each cycle, which is a powerful indicator of the stability of the lithium metal anodes over cycling. Despite added VC and FEC additives, the coulombic efficiencies on bare Cu electrodes steadily decreased as cycling progressed, suggesting significant side reactions between plated lithium and the carbonate electrolyte. The coulombic efficiencies were slightly improved when using HCS electrodes, but still unsatisfactory. The bicontinuous structure of HCS provides confined space for lithium plating and could therefore slow down both lithium dendrite growth and parasitic reactions (34, 35) . Nevertheless, undesired parasitic reactions may still occur in between exposed lithium and electrolyte. For comparison, ALD Al 2 O 3 /HCS lasted more than 100 cycles in the same amount of 30 l of the electrolyte with a high average coulombic efficiency of more than 96%. In addition, while coulombic efficiencies dropped when switching to the additive-free electrolyte in HCS electrodes, the coulombic efficiencies were similar for ALD Al 2 O 3 /HCS electrodes in both additive-added and additive-free electrolytes (see the Supplementary Materials).
The detailed voltage versus capacity plots of Cu, HCS, and ALD Al 2 O 3 /HCS electrodes were also compared (Fig. 4, B to E) . The overpotential for the initial electrochemical plating and stripping of lithium was slightly higher in the ALD Al 2 O 3 /HCS electrode than in the HCS electrode (Fig. 4B) . This result can be ascribed to two factors. First, compared to the ALD Al 2 O 3 /HCS electrode, the pristine HCS electrode has a higher electrode/electrolyte contact surface area for lithium nucleation because the inner wall of some carbon spheres is also accessible to the electrolyte. The lithium plating could take place everywhere around the carbon sphere. Second, in the case of ALD Al 2 O 3 -coated HCS, the added Al 2 O 3 coating, together with the carbon shell, acts as an artificial SEI layer. It generates a barrier for lithium ions to migrate through and plate inside the spheres.
Here, the segregation of the liquid electrolyte from electrodeposited lithium is of immense importance to the long-term cycling stability of the lithium metal anodes. This is because most battery electrolytes are not stable against lithium metal and form SEI as a side product upon contact. This SEI is not mechanically sturdy enough to suppress lithium morphology changes, including dendrite formation. Therefore, it continues to form and break upon cycling, leading to the buildup of discarded SEI. To test whether SEI forms in the ALD/HCS electrode, we performed FIB/SEM characterization on cross sections of HCS and ALD Al 2 O 3 /HCS electrodes after cycling. After 25 lithium plating/ stripping cycles (last half-cycle is lithium stripping cycle), SEI and/or dead lithium remain in the HCS electrode (Fig. 4F) . In ALD Al 2 O 3 / HCS, SEI is not evident within the sphere (Fig. 4G) .
The formation of SEI leads to the continuous consumption of both electrolyte and active lithium. In our current half-cell testing setup, as there is excess lithium in the counter electrode, the quick depletion of the electrolyte leads to poor lithium ion conduction and eventually battery failure. To test this hypothesis, cycling tests with different amounts of the added electrolyte were also performed with the HCS working electrodes (Fig. 4H) . With a small amount of the added electrolyte (15 l), the coulombic efficiency dropped to below 70% in less than 15 cycles. On the contrary, if an adequate amount of the electrolyte was added by flooding the cell (more than 100 l of the electrolyte; see Materials and Methods), then the cycle life can be extended to 100 cycles. Therefore, the clogging of the HCS electrode by SEI debris, together with the consumption of the liquid electrolyte, contributes to the failure of these half-cells. When testing symmetric cells with a limited amount of lithium, the depletion of lithium may serve as an additional cause for cell failure (see the Supplementary Materials). In a practical cell, as both cyclable lithium and electrolyte are limited, it is even more critical to minimize the continuous parasitic reaction between them.
The separation of deposited lithium and liquid electrolyte greatly improved the coulombic efficiency and cycle life of lithium metal anodes. The coulombic efficiency and cycle life of the ALD Al 2 O 3 / HCS electrode is superior compared to the bare HCS electrode with the same amount of the electrolyte (decreased to <90% within 10 cycles in 30 l of the electrolyte) and the HCS electrode with an excess amount of the electrolyte (~93% in the flooded electrolyte). The reported coulombic efficiency (~96% for more than 100 cycles in 30 l of the carbonate electrolyte) of the ALD Al 2 O 3 /HCS electrode is one of the highest values reported in the literature using the same type of electrolyte under similar cycling conditions. The improved stability is attributed to the ability of the ALD Al 2 O 3 -coated carbon shell to prevent electrolyte penetration inside the electrode, preventing lithium-electrolyte reactions.
Electrochemical performance in ether-based electrolyte
The ether-based electrolyte represents another category of promising electrolyte, which has been intensively researched due to its higher stability compared to the carbonate electrolyte and has been widely adopted in research and development for both Li-S and Li-O 2 batteries (36, 37) . The cycle performance of ALD Al 2 O 3 /HCS electrodes was evaluated in 50 l of the ether-based electrolyte consisting of 1 M LiTFSI and 5% LiNO 3 in 1:1 dioxolane (DOL)/dimethoxyethane (DME) electrolyte (cycling tests were also performed in the electrolyte with 2% LiNO 3 as additive; see the Supplementary Materials). Although safety concerns related to the high flammability of the ether electrolyte still need to be solved, the ether-based electrolyte is known for better lithium metal anode cycling behavior when compared to the carbonate-based electrolyte. For pristine HCS electrodes, the coulombic efficiency approached 98% during the first 200 cycles and then began to fluctuate in later cycles (Fig. 5A ). More specifically, the coulombic efficiency sometimes reached a low value and then followed with an abnormally high value (>100%) in later cycles. These observations could be related to the formation of dead lithium in the HCS electrode, as the accumulation of SEI debris became evident after many repeated cycles of lithium plating/stripping. Because of the poor electrical conductivity of an accumulated thick layer of SEI debris, once the root of lithium is stripped away during the stripping half-cycle, the remaining part of lithium may break off and lose its electrical connection to the electrode. This process causes the formation of dead lithium and a poor coulombic efficiency in the present cycle. Once the electrical connection was reestablished in the following lithium plating half-cycle, a higher coulombic efficiency was possible. For instance, the coulombic efficiency of the HCS electrode was 90.2% in the 359th cycle and 115.2% in the 360th cycle (Fig. 5B) . These fluctuations became more evident toward the end of the HCS electrode's cycle life. For comparison, the coulombic efficiency versus cycle number curve of the two ALD Al 2 O 3 /HCS electrodes was always stable and smooth for the entire 500 cycles (Fig. 5A) . The average coulombic efficiency of both ALD Al 2 O 3 HCS electrodes tested was about 99% for 3 months of testing and, to the best of our knowledge, represents one of the most stable lithium metal anodes cycled in ether electrolyte. The ultralong cycle life, along with high coulombic efficiency, demonstrates the importance of avoiding parasitic reactions through segregation of the liquid electrolyte and electrodeposited lithium.
CONCLUSION
To summarize, we designed and synthesized electrodes with stable interfaces between the electrolyte and cavities that host lithium metal. We demonstrated that an ALD Al 2 O 3 coating guides the electrochemical plating of lithium inside the HCS host. The ALD Al 2 O 3 -coated carbon shell also serves as an effective artificial SEI, which not only prevents the formation of dendritic lithium but also keeps the electrolyte out. The separation of the electrolyte and electrochemically plated lithium is critical in minimizing parasitic reactions between them. As a result, stable cycling with an average coulombic efficiency as high as 99% was obtained in the ether-based electrolyte for more than 500 cycles.
MATERIALS AND METHODS
Synthesis of C/SiO 2 nanoparticles
To prepare SiO 2 templates, 200 ml of NH 4 OH, 140 ml of deionized (DI) water, and 500 ml of dehydrated ethanol were mixed together by stirring at a speed of 200 rpm to make solution (a). Sixty milliliters of tetraethoxysilane (TEOS) was mixed with 120 ml of dehydrated ethanol manually to make solution (b). Solution (b) was then quickly poured into solution (a). After stirring for 8 hours, 10 ml of DI water and 60 ml of TEOS were added successively into the above solution and stirring was kept for another 8 hours. Finally, SiO 2 particles with a size of around 645 nm were collected through centrifugation and washed alternatively with ethanol and DI water for a total of six times. To prepare C/SiO 2 , 1 g of SiO 2 nanoparticles was dispersed in 300 ml of DI water under ultrasonication for 10 to 30 min. Next, 10 ml of cetyl trimethylammonium bromide (CTAB; Sigma-Aldrich, 10 mM) and 1 ml of ammonia (NH 3 ·H 2 O; Sigma-Aldrich, 28%) were added to the SiO 2 solution and vigorously stirred for 20 min to ensure the adsorption of CTAB on the cluster surface. Then, 400 mg of resorcinol (Sigma-Aldrich) and 0.56 ml of formaldehyde solution [Sigma-Aldrich, 37 weight % (wt %) in H 2 O] were added and stirred overnight. The RF resin-coated particles were collected by centrifugation and washed with ethanol three times. Finally, the RF shell was carbonized under Ar at 900°C for 2 hours with a temperature ramping rate of 5°C min −1 .
Etching of SiO 2 templates
SiO 2 sacrificial templates were removed with HF solution to achieve HCS. Typically, C/SiO 2 nanoparticles were immersed in 10 wt % HF solution for different periods of time (see the Supplementary Materials), followed by centrifugation and ethanol washing three times. The SiO 2 templates can be completely removed after 12 hours of etching. The final HCS were obtained after drying in a vacuum oven.
Preparation of HCS electrodes
The HCS electrodes were made through the typical slurry-making process. The slurry was stirred in N-methylpyrrolidone (SigmaAldrich) solvent with 3:1 HCS/polyvinylidene difluoride ratio for 6 hours and then coated onto a Cu current collector through doctor blading. The electrodes were dried in a vacuum oven overnight. Thin-film coatings were applied directly on HCS electrodes using a Savannah S100 ALD system (Ultratech/Cambridge NanoTech) operated under the exposure mode to ensure high uniformity on highsurface area substrates. The Al 2 O 3 deposition consists of alternating pulse and purge of trimethylaluminum (Sigma-Aldrich) and DI water as precursors at a growth temperature of 150°C. A typical pulse, exposure, and purge sequence for trimethylaluminum and DI water was 0. 
Soaking of HCS and ALD/HCS electrodes
To test the permeability of the HCS shell, HCS electrodes and ALD Al 2 O 3 /HCS electrodes were soaked in both battery electrolyte and saturated NaCl/H 2 O solution overnight. Electrodes were then taken out of the liquid. Electrodes soaked in the battery electrolyte were dried inside the glove box, and electrodes soaked in saturated NaCl solution were dried in an ambient environment.
Electrochemical measurements
Battery cycling performance was evaluated by the galvanostatic cycling of coin cells (CR 2032) with HCS working electrodes and ALD Al 2 O 3 /HCS working electrodes (1 cm 2 , 0.5 mg/cm 2 ). Li foils (Alfa Aesar, thickness of 700 m) were used as the counter electrodes. Two layers of Celgard separators (Celgard 2325, 25 m thick) were used to separate the working electrode and the counter electrode. Different amounts of the electrolyte were added to each coin cell, as indicated in the main text. For a flooded coin cell, more than 100 l of the electrolyte was added until the coin cell reached full capacity. Two types of electrolytes were used: (i) 1 M LiPF 6 in 1:1 (v/v) EC and DEC (BASF) with 1% VC and 10% FEC as additives and (ii) 1 M LiTFSI in 1:1 (v/v) DOL/DME electrolyte with 5% LiNO 3 as additive. Battery cycling data were collected using a LAND eight-channel battery tester at room temperature. After assembly, coin cells were galvanostatically cycled between 0 and 1 V at 200 A/cm 2 for five cycles. Battery cycling was then performed by controlling an areal capacity of 1 mAh/cm 2 for Li plating and a cutoff potential of 1 V versus Li + /Li for Li stripping during each cycle. The coulombic efficiency was defined as the Li stripping capacity divided by the Li plating capacity.
Materials characterizations
SEM images were captured in a FEI XL30 Sirion SEM. TEM characterization was performed at 300 kV using a FEI Titan TEM. The morphology of plated Li was observed with a FIB (Nova 600i Dual Beam, FEI). The cycled electrodes were cross-sectioned with a Ga + ion beam and observed with the SEM (JSM-6700F, JEOL). X-ray photoelectron spectroscopy (XPS) was performed on PHI 5000 VersaProbe, using an Al K ( = 0.83 nm, hυ = 1486.7 eV) x-ray source operated at 2 kV and 20 mA.
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